Vertical GaN-on-GaN Schottky barrier diodes based on as-grown and regrown samples were fabricated to investigate the effects of the etch-then-regrow process on device performance. The surface roughness increased slightly after dry etching and decreased after regrowth. According to X-ray diffraction results, the etch-then-regrow process caused a slight increase of defect density due to increased edge dislocations. Schottky parameters extracted from forward current-voltage curves, such as turn-on voltages of 0.74 V and 0.72 V, ideality factors of 1.07 and 1.10, and barrier heights of 1.07 eV and 1.05 eV, were obtained for diodes based on the regrown and as-grown samples, respectively. The breakdown voltage of the regrown sample was much lower than the as-grown sample. The regrowth interface can be regarded as a n-doping GaN layer due to the high interface charge density after the etch-then-regrown process. This equivalent n-doping GaN layer reduced the effective thickness of the UID-GaN under the Schottky contact thus causing lower breakdown voltage for the regrown sample. Poole-Frenkel emission and trap-assisted tunneling processes were responsible for the leakage of both as-grown and regrown samples according to the temperature dependence of the reverse currents.
I. INTRODUCTION
Gallium nitride (GaN) has become one of the most important materials for power electronics, due to its superior physical and electrical properties such as large bandgap, high breakdown electric field, high operation temperature and high electron velocity. These characteristics make GaN-based devices capable of remarkable improvements in energy conversion efficiency, increased switching frequency, and reduced electric system volume [1] , [2] . Furthermore, as GaN substrates are becoming commercially available, vertical devices grown on GaN substrates have emerged as highly promising candidates for high-performance power electronics due to dramatically reduced density of dislocations [3] - [7] .
Meanwhile, in order to achieve the best performance and flexibility in device structure design, selectivearea doping is indispensable. Compared with ion implantation [8] , [9] and diffusion [10] , selective epitaxial regrowth is still the most effective ways for GaN devices. A lot of work on regrown n + -GaN have been reported that the contact resistance could be dramatically reduced [11] - [13] . Regrown AlGaN/GaN layers was reported to suppress the dispersion of GaN vertical transistors [14] .
However, one big challenge for the regrowth is the interface contamination, including Si, O, and C [15] - [18] . The C and O contaminants could be effectively reduced by in situ thermal cleaning [16] . But the Si contamination is difficult to remove even after using Fe or C doping for the semiinsulating substrate or buffer layer [16] , [19] - [21] , and the origin is still unclear. Although the semi-insulating substrate or buffer layer is useful for reducing leakage current, no leakage performance above 60 V was found in the reported results [16] , [19] - [21] . The existence of Si at the interface may not be a problem for the regrown n + -GaN as ohmic contacts because the Si is the very donor used for n-doping. But this is a big problem for the regrowth of p-GaN. Hu et al. investigated the performance of vertical GaN p-n diodes with regrown p-GaN, reaching breakdown voltage of 1.1 kV [22] . However, they did the regrowth on a non-etched surface whereas dry etching is almost inevitable in selective regrowth. Recently, Pickrell et al. found that regrown diodes including dry etching process prior to the p-GaN regrowth showed a large Si spike at the regrowth interface and demonstrated significantly higher reverse leakage current than the as-grown diodes [23] . However, they only showed simple current-voltage curves for the etchthen-regrow diodes. Few reports were found on the details of the effects of the etch-then-regrow process for now. Meanwhile, the co-doping or interaction effect of donors (Si) and acceptors (Mg) could make the interface issue more complex [24] - [26] .
To simplify the question and get a direct understanding of the interface issues after the etch-then-grow process, we did the etch-then-grow process by regrowing unintentionally doped (UID) GaN on UID-GaN in this work without the influences of the co-doping or interaction effect of donors and acceptors. In addition to the influences of the etch-thenregrow process on material properties, vertical GaN-on-GaN Schottky barrier diodes were fabricated on both as-grown and regrown samples to investigate the effect of the regrowth interface on device leakage and breakdown.
II. EXPERIMENTAL DETAILS
Both the as-grown and regrown samples were homoepitaxially grown by metalorganic chemical vapor deposition (MOCVD) on 2-inch c-plane n + -GaN (1×10 18 cm −3 ) free-standing substrates which were grown by hydride vapor phase epitaxy (HVPE). 2-μm-thick UID-GaN epilayers were first grown on the GaN substrates for both samples. The UID-GaN for the regrown sample was first etched off 500 nm by the inductively coupled plasma (ICP) etching. Then, another 500-nm-thick UID-GaN was regrown on the etched surface using the same growth condition with the original 2-µm-thick UID-GaN without any other surface treatment. The etch-then-regrow process is shown in Fig. 1 . Surface roughnesses, measured by atomic force microscopy (AFM), of the as-grown sample, the sample after etching, and the sample after regrowth, are 0.157 nm, 0.207 nm and 0.137 nm, respectively. This means the surface roughness increased slightly after dry etching but was recovered after the regrowth. The increased surface roughness after dry etching also indicates that etching damage could be introduced by the process. Although the etching damage and corresponding surface roughness can be reduced by optimizing the etching condition, the purpose of this work is to investigate the effect of the dry etching damage on the device performance.
Vertical GaN-on-GaN Schottky barrier diodes (SBDs) based on the as-grown and regrown samples were fabricated by an identical process. Ni/Pt/Au (10 nm/30 nm/120 nm) metal stacks were deposited by electron-beam evaporation for Schottky contacts with a diameter of 120 µm. Mesa isolation, with a diameter of 180 µm and etch depth of 1.5 µm, was done by chlorine-based ICP etching. Metal stacks of Ti/Al/Ni/Au (20 nm/130 nm/50 nm/50 nm) were deposited for ohmic contacts on the backside of the GaN substrate. Forward current-voltage (I-V) and capacitance-voltage (C-V) characteristics were measured using a Keithley 4200-SCS parameter analyzer and reverse I-V characteristics were measured by a Keithley 2410 sourcemeter.
III. RESULTS AND DISCUSSION
A. DISLOCATIONS Fig. 2 (a) and 2(c) show X-ray diffraction (XRD) omega rocking curves for symmetric (002) and asymmetric (102) reflections, respectively. The full-width-half-maximum (FWHM) for the (002) and (102) reflections are summarized in Figs. 2(b) and 2(d), respectively. The FWHM of the (002) reflection for the regrown sample is almost the same as the as-grown sample. On the other hand, an increase of the FWHM for the (102) reflection after the etch-then-regrow process is obvious ( Fig. 2(d) ). The results indicate that the etch-then-regrow process mostly influenced edge dislocations because the FWHM for (002) and (102) reflections are typically related to screw and edge threading dislocations, respectively. Similar results on the increase of the FWHM for the (102) reflection were also found in the regrown p-GaN after the etch-then-regrow process [17] . Dislocation densities for the as-grown sample, the sample after etching, and the sample after regrowth are shown in Fig. 3(a) . The dislocation densities are all in the range of 10 6 cm −3 with a slight increase after the etch-then-regrow process. However, no clear regrowth interface was visible by transmission electron microscopy (TEM) in this work ( Fig. 3(b) ). This is quite different from the regrown p-GaN after the etch-thenregrow process where an interfacial layer at the regrowth interface was clearly observed [17] . Further work is being done to find the reason. Fig. 4(a) shows the forward I-V characteristics for both samples. Turn-on voltages for the as-grown and regrown samples, extracted by linear extrapolation, are 0.74 V and 0.72 V, respectively.
B. FORWARD CHARACTERISTICS
The current equation for forward I-V characteristics with V > 3kT can be written as [27] where J 0 = A * * T 2 exp(−qφ B /kT) is the saturation current density, which can be obtained by extrapolating the current density from the semi-log plot to V = 0 V. n is the ideality factor which is related to the slope. A * * is the effective Richardson constant, which is theoretically 26.4 A/cm 2 /K 2 for GaN [28] . As shown in Fig. 4(b) , the ideality factor, and the extrapolated saturation current density, for the device on the as-grown sample are 1.07 and 1.5 × 10 −12 A/cm −2 , respectively. For the regrown sample, the ideality factor and the saturation current density are 1.10 and 3.8 × 10 −12 A/cm −2 , respectively. The extracted Schottky barrier heights, φ B , for the as-grown and regrown samples, are 1.07 eV and 1.05 eV, respectively. Thus, Schottky barrier diodes on both samples show quite similar forward characteristics.
C. BREAKDOWN
The reverse I-V characteristics of the samples are shown in Fig. 5 . The breakdown voltages of the as-grown and regrown samples were 282 V and 89 V, respectively. The breakdown was not due to avalanche for both samples since the breakdown voltage did not increase with the temperature. To investigate the influences of the regrowth interface on the breakdown voltage, charge density profiles of the as-grown and regrown samples were extracted from C-V curves at different frequencies (Fig. 6 ). The charge density of the UID-GaN for the as-grown sample is in the range of 10 14 − 10 16 cm −3 . For the regrown sample, the charge density shows a spike up to 10 19 cm −3 at the depth of ∼ 500 nm, where is exactly the location of the regrowth interface. The high charge density is believed to be attributed to the donor-like contaminants, such as Si and O [15] - [18] .
To further reveal the effects of the regrowth interface on the device performance, we did device simulation using Silvaco. Based on the discussion above, the regrowth interface was treated as a n-doping GaN layer in the simulation. The thickness of the interfacial layer is set to 100 nm, which is estimated from the charge density profile and secondary-ion mass spectrometry (SIMS). However, the thickness of the interfacial layer is not so important in this simulation. The simulated reverse I-V curves are shown in Fig. 7 . The regrown sample shows a significantly lower breakdown voltage, which agrees well with the experimental results. Because the simulation did not take the electric field crowing effects around the mesa edges of the diodes into consideration, there are differences in the absolute values of the breakdown voltages between the experimental results and simulation. Figure 7 (b) presents the simulated electric field distribution in the samples. For the regrown sample, the reverse bias drops mainly on the regrown UID-GaN (500 nm), whereas the reverse bias drops on the entire UID-GaN (2 µm) for the as-grown sample. Because the effective thickness of the UID-GaN under the Schottky contact for the regrown sample under reverse bias is reduced by the regrowth interface charge, the regrown sample shows a much lower breakdown voltage than the as-grown sample.
D. REVERSE LEAKAGE MECHANISM
To investigate the reverse leakage mechanisms, temperature dependence of reverse I-V curves for both samples were measured, as shown in Fig. 8 . There are three main mechanisms responsible for the leakage of Schottky barrier diodes, i.e., thermionic emission (TE) over the barrier, field emission (FE) and thermionic-field emission (TFE) [27] . Furthermore, traps also play an important role in the leakage for GaN-based devices since the dislocation density is still high even for the GaN-on-GaN material. There are several trap-related reverse leakage mechanisms including Poole-Frenkel emission (PFE) [27] , variable range hopping (VRH) [29] , [30] , exponential-tails-trap space-chargelimited current (ETT-SCLC) [31] , [32] , and trap-assisted tunneling (TAT) [33] , [34] . Besides, Fowler-Nordheim tunneling (FNT) [27] is also common observed in dielectrics and wide bandgap semiconductors. The surface leakage is negligible because we found that the reverse leakage current was linearly proportional to the area but not to the perimeter. Possible leakage processes for GaN devices, including the trap-related leakage, are summarized in Table 1 and Fig. 9 .
TABLE 1. Leakage Processes and the Expressions
Leakage due to the TE process is small and negligible here since the barrier height is very high (∼1 eV) at reverse bias condition according to the expression shown in Table 1 .
According to Fig. 8 , the current as a function of 1/T for the as-grown sample is plotted in Fig. 10 . Three regions with different characteristics are identified ( Fig. 10 ), which are marked as "A", "B" and "C". For the region "A" of the as-grown sample, in the low reverse bias range, the logI follows a linear relationship with 1/T. This characteristic corresponds to the PFE leakage process, according to the expressions in Table 1 . Thus, we can use the linear fitting of the I − 1/kT in semi-log scale to extract parameters for the PFE process ( Fig. 11 ). It is found that the trap level for the PFE process is located at 0.89 eV below the conduction band edge (CBE), and the relative high frequency dielectric constant of GaN, ε r = 5.56, which is close to the reported values [35] - [37] . The value of the dielectric constant is an important parameter to measure whether the fitting is selfconsistent and consistent with the physical process, excluding the situation that it is only a mathematically good fitting.
For the region "B" of the as-grown sample, in the higher reverse bias and low temperature range, the current shows almost flat characteristics with the 1/T. This behavior could be related to the contributions of tunneling processes (FE, FNT or TAT), TFE, or VRH. Because the logI is still proportional to 1/T in the high temperature range for curves in the region "B" which is adjacent to the region "A" where the PFE process dominates, the PFE process also contributes partly to the leakage in the region "B". To better identify the leakage mechanisms at this region, the part of the leakage contributed by the PFE process was subtracted from the total leakage current in the region "B", as shown in Fig. 12(a) . The remaining leakage current shows a very weak dependence on the temperature (Fig. 12(b) ), indicating a tunneling dominated process rather than the VRH. For the FE process, E 00 is only 0.4 meV (N = 1 × 10 15 cm −3 , m * = 0.22 m e , ε r_static = 9.5). Thus, the leakage current due to the FE is negligible according to the expression in Table 1 [27] . Because both the TE and FE processes are negligible, the TFE process as an intermediate stage of the two processes does not play an important role, either. Linear fitting plots based on the possible TAT and FNT processes as a function of 1/E are shown in Figs. 13(a) and 13(b) , respectively. The FNT process, across the Schottky barrier height (1.07 eV), can also be excluded or may contribute to a very small portion of leakage current because the extracted barrier height is only 0.17 eV which is much smaller than the Schottky barrier height. In fact, the FE and FNT are the same here when the device is under large reverse bias. Therefore, the TAT process, with a trap energy level of 0.22 eV, is the dominant mechanism for the leakage in the region "B" of the as-grown sample.
For the region "C" of the as-grown sample, in the high reverse bias range, the leakage current shows a very weak temperature dependence. This characteristic indicates a tunneling process. As shown in Fig. 14, both possible TAT and FNT processes were used to fit the curves of logI vs. 1/E. However, the extracted barrier height for the FNT process is only 0.65 eV which is much smaller than the Schottky barrier height. This means that the FNT model only mathematically fits well with the experimental data. From a physical point of view, the fitting is not self-consistent. So, the FNT process can be excluded or may contribute to a very small portion of the leakage current even though the electric field is very high that is likely to cause the FNT process. Therefore, FNT is not the dominant leakage mechanism. The TAT process, with a trap energy level of 0.69 eV below the CBE, is the dominant mechanism for the leakage in region "C" of the as-grown sample.
The same analysis was done for the regrown sample, as shown in the Figs. 15, 16, 17, 18 and 19 . For the region "A" of the regrown sample, the PFE is the dominant process CBE. For the region "C" of the regrown sample, the TAT is also the dominant process with a trap energy level of 0.67 eV below the CBE. Considering all the results above and fitting errors, the same transport processes with quite similar trap energy levels caused the reverse leakage currents for both as-grown and regrown samples. This result agrees well with the previous model that the regrowth interface was regarded as a n-doping GaN layer. This equivalent n-doping GaN layer reduced the effective thickness of the UID-GaN under the Schottky contact. However, because the regrown UID-GaN after the etch-then-regrow process had similar surface morphology and film quality with the as-grown UID-GaN, the Schottky barrier diodes on both regrown and as-grown samples showed quite similar forward I-V curves and the same transport processes for the reverse leakage. Besides, the extracted trap energy levels in this work are close to the reported values in GaN by deep-level transient spectroscopy [38] .
IV. CONCLUSION
The influences of the etch-then-regrow process on material properties have been investigated by regrowing UID-GaN on UID-GaN on GaN substrates. Vertical GaN-on-GaN Schottky barrier diodes were fabricated on both as-grown and regrown samples to investigate the effect of the regrowth interface on forward and reverse I-V characteristics. Because the regrown UID-GaN after the etch-then-regrow process had similar surface morphology and film quality with the as-grown UID-GaN, the Schottky barrier diodes on both regrown and as-grown samples showed quite similar forward I-V curves and the same transport processes (PFE and TAT) for the reverse leakage. It is found that regrowth interface can be regarded as a n-doping GaN layer due to the high interface charge density after the etch-then-regrown process. This equivalent n-doping GaN layer reduces the effective thickness of the UID-GaN under the Schottky contact thus causing a lower breakdown voltage for the regrown sample. TSUNG-HAN YANG received the M.S. degree in photonics and optoelectronics from Nation Taiwan University, Taiwan. He is currently pursuing the Ph.D. degree in electrical engineering with Arizona State University, with a focus on the GaN power devices and ultrawide band gap materials. His previous work focused on bio-sensing application of thin-film transistors. 
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